Abstract Though rainfall intensity is the most important parameter for the investigation and prediction of flood generation and soil erosion, only limited information on this characteristic is available in the Nepal Himalaya. The People and Resources Dynamics of Mountain Watersheds in the Hindu KushHimalaya Project (PARDYP) is maintaining several high-density raingauge networks in mesoscale catchments of the Hindu Kush-Himalayan middle mountains. The first results from the network in the Jhikhu Khola catchment (JKC), where the longest data series is available, are presented here. In general, the catchment experiences monsoon type rainfall with about 78% of the annual rainfall occurring during the monsoon season. During the remainder of the year, rainfall is variable and erratic. The highest rainfall intensity occurs in the pre-monsoon season followed by the monsoon season and the same pattern is observed in the case of the erosivity. About 90% of the total annual rainfall has the potential to contribute to runoff generation and about 87% contributes towards sediment mobilization. Spatially, there is no distinct difference between the rainfall event parameters visible during the events, which cause the largest flood events at the outlet of the catchment. Rainfall in the lower lying JKC is generally lower. For extrapolation of the intensity information the intensity-duration-frequency (IDF) relationships were calculated. It is showed that the IDFs used to date heavily underestimate the shortduration intensities and their recurrence.
INTRODUCTION
Two of the key issues related to water in the Hindu Kush-Himalayan (HKH) region are flooding and water-induced land degradation (Merz, 2004) . Rainfall intensity is crucial for both, in terms of flood generation and sediment mobilization. However, rainfall intensity information in this region-in particular in the Nepal Himalaya-is scarce due to the absence of a monitoring network of recording raingauges. The People and Resource Dynamics in Mountain Watersheds of the Hindu Kush-Himalaya (PARDYP) project is running five high-density rainfall monitoring networks in mesoscale catchments in China, India, Nepal and Pakistan. In addition to the sites in the Jhikhu Khola catchment (JKC) maintained by PARDYP Nepal, which have been monitored since 1993, only short-term measurements have been conducted (e.g. Yarsha Khola catchment by PARDYP Nepal, Lhikhu Khola catchment by Gardner & Jenkins, 1995) . Some of the high-resolution recording raingauges are still in use; these include: Long-term data on rainfall intensity are available from the raingauges established by the Snow and Glacier Project in the early 1990s (Grabs & Pokhrel, 1993) . This paper provides an overview of the rainfall conditions in a mesoscale catchment of the middle mountains in Nepal in the context of the literature available for the region. It also aims at presenting a first analysis of the wealth of rainfall intensity information collected by the PARDYP project, evaluating methods proposed earlier on the basis of incomplete information.
RAINFALL AND RAINFALL INTENSITY IN NEPAL
Precipitation in the HKH region shows a distinct variation from east to west and south to north (Domroes, 1978) , mainly due to the orographic complexity of the mountain range. In principal, two rainfall types can be observed (Domroes, 1978) : (a) the monsoon-type rainfall distribution with two distinct seasons, a wet and a dry season each covering about half a year. This rainfall type is valid for all parts south of the high Himalaya, except for the Kashmir Himalaya. (b) the mixed monsoon-type rainfall characterized by two rainfall maxima, the primary maximum during winter and spring, the secondary maximum during summer. The winter/spring maximum is due to the so-called "Christmas rains" caused by weak westerlies in the Mediterranean area. The maximum during summer is due to the monsoonal depression in connection with the Bay of Bengal branch of the summer monsoon. The main regions of distribution for this rainfall type are the parts north of the High Himalaya and in the Kashmir Himalaya. These macroclimatic conditions are further broken up into numerous mesoclimatic regions, e.g. the phenomenon of dry mountain valleys or the luv and lee effect. Nepal is primarily under the influence of the southwest monsoon (monsoon-type rainfall) with a distinct summer peak and a prolonged dry season from about October to May. The exception is those areas of Nepal on the Tibetan Plateau which receive most of their annual rainfall during winter (January-March) due to synoptic-scale disturbances with origins in the Mediterranean region (Chyurlia, 1984) . The long-term mean precipitation in Nepal shows a decreasing trend from east to west with the highest annual precipitation of up to 5000 mm expected in the region of Pokhara (Chalise et al., 1996) . The driest part of the country is the rainshadow area of Mustang on the Tibetan Plateau with below 200 mm annual rainfall. In the middle mountains east of Kathmandu, annual precipitation ranges from about 1000 to 3000 mm (Chalise et al., 1996) .
As mentioned above, rainfall intensity information at high temporal resolution is scarce in Nepal. At a daily time step, the maximum rainfall observed in Nepal was at Kulekhani with 540 mm in 24 h on 19-20 July 1993 (Chalise, 2001) . Gardner & Jenkins (1995) ) measured at Plumb Point, Jamaica (WMO, 1994) . The highest 10-min rainfall measured in Switzerland was 50 mm (10 min) -1 observed at Heiden (Geiger et al., 1991; Spreafico & Weingartner, 2005) . In the Leissigen catchment in the foothills of the Swiss Alps, the highest 10-min rainfall intensity measured in the period 1994-1997 was 93.6 mm h -1 (Wüthrich, 1999) . The erosivity of rainfall depends largely on rainfall amount, duration, intensity, drop size and wind speed (Ries, 1993) . While the measurement of drop size is very difficult under field conditions, the remaining parameters can be easily assessed in the field. However, wind speed is not as readily available for most cases. To overcome these data constraints, different authors have proposed a number of erosivity indices, which are usually a combination of maximum rainfall intensity and rainfall amount. Ries (1993) discusses different erosivity indices and proposes the use of the AI m index according to Lal (1976) , the reason being that this index is purely dependent on rainfall parameters and without influence of soil parameters or vegetation, as, for example, EI 30 of Wischmeier & Smith (1978) . The EI 30 index often underestimates the erosivity of a single large storm event. Furthermore, Ries (1993) proposes the use of an index which incorporates the short-term intensity with a measure of the often longer duration of high intensities in storms of the monsoon areas. Gardner & Jenkins (1995) used an EI 15 index as they realized that, during most of the storms, the majority of rainfall occurred during a 10-min interval of the storm.
For engineering applications, the intensity-duration-frequency (IDF) relationship is of great importance. In the absence of the required data, Chyurlia (1984) estimated IDF relationships for Nepal on the basis of an empirical relationship derived from monsoonal areas in West Africa. This work had shown that precipitation generally obeys a square root law with respect to duration. On the basis of investigations on the world record line of event rainfall (e.g. WMO, 1994) , Chyurlia (1984) concluded that precipitation intensity I (mm h -1 ) likewise follows a similar function of duration t (h) and therefore proposed the equation:
(1) As the constant a is a function of the return period T (years), Chyurlia (1984) replaced a by the empirical relationship of maximum daily rainfall as a function of the return period T. This yielded the empirical relationship for intensity-duration-frequency for each physiographic region. The relationship for the middle mountains can be expressed as:
(2) This empirical approach on the basis of no high-resolution rainfall data was tested using the available rainfall intensity data sets with 2-min resolution from the JKC.
STUDY SITE AND METHODOLOGY
The activities of PARDYP Nepal focus on the catchment of Jhikhu Khola. The JKC is located in the middle mountains of Nepal ( Table 1 .
The measurement network consists of a number of recording raingauges of tipping bucket measurement principle. In the JKC, nine raingauges are installed, some since 1993. With the exception of two raingauges at sites 4 and 6, all raingauges have 0.2 mm per tip capacity and are connected to HOBO event loggers. The other two tipping buckets have a capacity of 1.0 mm per tip. The orifices of all raingauges are located at 1 m above ground, according to the standards used in Nepal. The data from the recording raingauges are cross-checked with the manually read standard raingauges of 1-day temporal resolution, which are installed in the compound of the same measurement site.
The measurement period from 1993 to 2000 was normal in the context of the longterm records of JKC. Statistically, no significant difference could be established between the long-term records of the Department of Hydrology and Meteorology (DHM) at Panchkhal (1976 Panchkhal ( -2000 and Dhulikhel (1947 Dhulikhel ( -1996 and the short-term records of the project at the same locations (Merz, 2004) . In terms of the maximum and minimum annual rainfall, the years of the study period were all within the range of the long-term records. In terms of the findings of this study, this suggests that the results can be assumed to be representative for the conditions in the JKC.
The definitions of the seasons used in this study are according to Nayava (1980) . The main seasons experienced on the Indian sub-continent are the Southwest Monsoon (June-September), post-monsoon season (October-November), winter (DecemberFebruary) and the pre-monsoon season (March-May).
To assess the erosivity of the precipitation for this study, the values of AI 10m and AI 1030m were calculated as proposed by Ries (1993) . The AI 10m index is the sum of all products of the event amount and the event's maximum 10-min intensity based on a number of events. The AI 1030m is then the product of the above index and the event's maximum 30-min intensity.
The IDF diagrams were prepared according to Chow et al. (1988) , on the basis of which the design rainfall depth p (mm) for a given return period of T (years) and a given duration t (h) is determined by equation (3) using the mean precipitation of the 
3) The frequency factor K T is determined by (Chow et al., 1988) :
GENERAL RAINFALL OBSERVATIONS IN THE CATCHMENT
The 1418 mm and a minimum of 1055 mm (range of 362.9 mm). The CV was only 0.09 during that period, showing statistically low inter-annual variability during the project period.
Most of the rain occurs during the monsoon season, the months June-September ( Fig. 2(a) ). About 78% of the annual rainfall in the JKC falls during the monsoon season with the remainder falling during the pre-monsoon (14%), post-monsoon (5%) and winter (3%) seasons. Typically, 962 mm of rainfall is expected during the monsoon and 173 mm during the pre-monsoon season. On average, during the study period, 37 mm fell in winter and 67 mm during the post-monsoon season. However, these percentages vary from year to year. The percentage for the monsoon season varied from 69.8 to 84.9% at this site in the period 1993-2000. This is mainly due to the high variability of rainfall during the seasons just before or after the monsoon. The percentage for the pre-monsoon season, for the same station and period, ranged from 3.9 to 26.1%; and for the post-monsoon season from 0.6 to 17.0%. During winter the percentage varies from 0.0 to 6.8%. The other stations show a similar pattern for the same period.
The highest variabilities are observed in the dry season months, particularly the post-monsoon and winter seasons (see Fig. 2(b) ). The interseasonal CV between the years was 0.9-1.3, depending on the site, in the case of the post-monsoon season and 0.5-1.6 in the case of the winter season. During the monsoon season, the variation from year to year was very limited with CVs of around 0.2 at all stations (Merz, 2004) .
For flooding and land degradation by water, it is important to note that most of the rainfall events generally occur during the wet season, which lasts for a maximum of five months. Most of the rainfall occurs during July and August. This is then also the time of the greatest flood risk, with some of the highest floods occurring during September, the late monsoon season. Occasionally, extraordinary flood events occur in the other seasons, e.g. the flood which occurred during 19-21 October 1999, when 171.8 mm fell in about 21 h.
On average, in the JKC, 93 rainy days (i.e. days with 1 mm or more rain per day) are measured annually, ranging from 89 to 100 days in the case of Site 15 for the period 1993-2000. At other sites, for the same period, 103 (94-106; Site 6), 105 (93-117: Site 9) and 96 (89-100; Site 16) rainy days were measured. These rainy days mostly measure between 1 and 10 mm, according to the relative frequency distributions shown in Fig. 3(a) -(c) between 10 and 20% per year or about 60% of all the rainy days. In terms of rainfall amount, these days contribute about 21% to the total annual rainfall.
The empirical frequency distributions of daily rainfall are highly skewed to the left showing that low-magnitude rainfall is much more frequent than high-magnitude rainfall. Days of more than 50 mm account for only 3% of the rainy days with a maximum of 141 mm measured at Site 6 on 28 June 1999. On the same date, the other sites experienced maxima of 90.7 mm (Site 15) and 110.3 mm (Site 16). However, these events account for about 16% of the total annual rainfall. In 1999 this class even accounted for 34% of the total annual rainfall. These observed 24-h maxima are below the values reported by Chalise et al. (1996) , according to whom the 24-h maximum rainfall for this area is between 150 and 175 mm.
Comparing the short-term data of the project period with the long-term data set of Site 9 (Fig. 3(d) ), it can be shown that the daily rainfall distributions during the project 
Fig. 3
Relative frequency distribution of daily rainfall at sites 6, 15 and 16 and comparison of the cumulative frequency with long-term data set of Site 9 (max = maximum % of events in this or lower than this class per year, min = minimum % of events in this or lower than this class per year).
Site 6 Site 15
Site 16 periods are within the long-term average. On the basis of cumulative frequency curves, the long-term data set of Site 9 shows both lower minima as well as higher maxima than have been observed during the project period. Diurnal variation depends on the season. During the monsoon season, most of the rainfall occurs from 18:00 h to 06:00 h. At Site 6, which in this particular case of diurnal variation is also representative of the other sites in the catchment, 60% of the annual rainfall from 1993 to 2000 occurred during the night in the monsoon season, in particular early in the morning between midnight and 06:00 h (32%). During the other three seasons (pre-monsoon, post-monsoon and winter), rainfall occurs mostly during the afternoon between noon and 18:00 h (39.5, 36.5 and 39.5%, respectively). Similar results were shown by Gardner & Jenkins (1995) . The reason for this variation is the difference in rainfall generation. While during the monsoon season the rains are mainly of frontal and orographic nature, during the other seasons the rains are due to convection of moist air. In the pre-monsoon season these rains are mainly due to thunderstorms, formed by heating up of the land surface and consequent rapidly rising air masses.
RAINFALL INTENSITY AND EROSIVITY IN THE JKC
For the analysis of rainfall intensity in the two catchments, the 10-, 30-and 60-min intensities were calculated for each station. On average, the highest 10-min intensities on a daily basis occurred during the late pre-monsoon and early monsoon months (May, June and July), followed by the late monsoon months (August and September) throughout the period 1993-2000 (Fig. 4(b) ). These intensities measured about 50-80 mm h ) was usually measured during the same months (Fig. 4(a) ). However, isolated events in the late monsoon or post-monsoon season in the study period had very high intensity rainfalls: the highest 10-min intensity measured in the JKC was at Site 16 (149.4 mm h -1 ). The 30-min and 60-min intensities show similar distributions, the highest measurements being during the late pre-monsoon and early monsoon seasons. In the case of 30-min intensities, the maximum is measured in either June or July with the higher intensities during July, on average. Maxima reach up to 80 mm h were observed in the study period, usually occurring in July.
Large pre-monsoon and monsoon events (defined by Carver, 1997 , as events with rainfall amounts higher than 30 mm and maximum intensities of more than 50 mm h -1 ) differ on the basis of the calculated statistics (Table 2) . While the rainfall amount tends to be lower during a large pre-monsoon event, the intensities, both maximum and average, tend to be higher (see also Fig. 5 ). Pre-monsoon storms tend to be of shorter duration than those in the monsoon season. Interestingly, at most sites, the event rainfall during pre-monsoon events is concentrated in one quarter of the event; at sites 4 and 6 it is during the first quarter of the event, and at sites 12 and 15 it is during the third quarter. During monsoon season events, the rain is more evenly spread throughout the event duration. The number of pre-monsoon events is limited: in general, only 1-5 events were observed in the study period. 
Table 2
Rainfall event parameters (median) for large pre-monsoon (PM) and monsoon (M) events (in brackets the number of events, N). (2) : total even rainfall; t P : total event duration; I ave : average event intensity; I 10max : maximum 10-min intensity; I 30max : maximum 30-min intensity; I 60max : maximum 60-min intensity; P 25, 50, 75, precipitation in the first 25%, 50% and 75% of the event, respectively. Therefore, the characteristics of a typical large event in the pre-monsoon season in the JKC are: (a) rainfall amount: ~35 mm; (b) duration: ~4 h; The spatial variability during a large rainfall event in the catchment is shown in Fig. 6 . The rainfall event of 30 June 1997 triggered the second largest flood event in the Jhikhu Khola. During this event rainfall was recorded at all stations except at Site 12, where the tipping bucket had not been installed at that time. Most of the rainfall occurred in the first 10 h of the event at all the sites. The total rainfall that occurred at the different sites ranged from about 73 to 107 mm, with more rain falling on the north-facing slopes (represented by sites 4 and 6) than on the south-facing ones. The hourly rainfall at the different sites ranged from 0 to about 11 mm h -1 with differences of up to 7 mm between the different stations in the same hour. The largest ranges are observed during the medium to high rainfall amounts; in particular, in the tenth hour of the event, the rainfall amounts differed considerably between the different stations. In terms of the coefficient of variation, which takes into account both the average and the standard deviation, it is mainly the low rainfall amounts that show high variation. The high rainfalls, on the other hand, show only small CVs with values less than 1 and are thus shown to be statistically more similar.
The temporal distribution of the erosivity indices shows that the highest rainfall erosivities would be expected during June-July (Fig. 7) . Interestingly, the erosivities calculated for the sites on south-facing slopes are considerably higher than those from the valley bottoms and north-facing slopes.
In terms of rainfall amount, it was shown that events of <3 mm do not usually have the potential to mobilize soil (Carver, 1997) . As shown by Merz (2004) , events with >2 mm rainfall may generate runoff at the plot level. For runoff generation and sediment transport, only a part of the total rainfall has a potential impact. Over the duration of the entire year about 90% of the rainfall may produce runoff (Table 3) . Sediment mobilization is about 87% on average over all stations. Seasonally, it can be observed that, during the pre-monsoon and monsoon seasons, this annual average is achieved at all stations. During the post-monsoon and winter seasons, the percentage is very variable between the different stations.
As shown in other parts of the world, e.g. in British Columbia, Canada, by Jakob et al. (2003) , rainfall intensities have shown an increasing trend over recent years. In particular, short duration intensities-the most important intensities for flood generation and sediment mobilization-have shown an increasing trend. In the case of the JKC, the short time series of just 10 years was evaluated at only two sites. On the basis of a Mann-Whitney test for trends, both sites show a significant increasing trend at the 1% confidence level for both the 10-min and 60-min intensities.
SYNTHESIS
In order to extrapolate this intensity information in time and space, IDF relationships were determined for the JKC. Due to the short time series of only eight years, the highest return period that can be determined on the basis of the annual maxima series is 20 years. In general, they show a similar shape and similar values. For comparison of the IDF curves of sites 6 and 15, the calculated values of each relationship are given below and the graphs are shown in Fig. 8 : (a) for a return period of 8 years the 30-min intensity was determined to be 69.2 mm h -1
at Site 6 ( Fig. 8(a) ) and 68.5 mm h -1 at Site 15 ( Fig. 8(b) ); (b) for a return period of 8 years the 10-min intensity was determined to be 103.9 mm h -1
at Site 6 ( Fig. 8(a) ) and 106.0 mm h -1 at Site 15 ( Fig. 8(b) ). (c) for a return period of 20 years the 30-min intensity was determined to be 79.2 mm h -1
at Site 6 ( Fig. 8(a) ) and 81.9 mm h -1
at Site 15 ( Fig. 8(b) ). Comparing the IDF curves established on the basis of data from sites in the JKC with the theoretical relationship proposed by Chyurlia (1984) , it is evident that the return periods of intensities for low-duration rainfall, where no data were available in 1984, were underestimated (Fig. 9) . For example, the 2-year return period for a 30-min maximum intensity was determined to be 26 mm h ). For Site 6 the Chyurlia formula seems to calculate appropriate values for longer-duration rainfall.
CONCLUSIONS
The rainfall pattern in the JKC follows the overall pattern of the monsoon-type rainfall, with about 78% of the annual rain falling during the monsoon season. Though the premonsoon season receives less rainfall than the monsoon season, the most intense rainfall events are expected during the former season, as well as during the early monsoon season. The same pattern is observed in the erosivity values. Spatially, the variability of rainfall intensity is low during those events responsible for the largest flood events. Among important and interesting developments, which should be observed closely in the future, is the apparent trend of maximum intensities, which were shown to increase during the measurement period in the case of the JKC. With regard to intensity-duration-frequency relationships, it is important to note that the IDF values based on daily data used to date underestimate considerably the short duration intensities and their recurrence. These intensities in particular are the most important for flood generation and sediment mobilization. While it is possible to obtain an idea of the short-term intensity patterns in the middle mountain conditions from the data presented above, efforts towards obtaining additional short-term rainfall intensity data throughout the country are necessary to obtain conclusive answers about the rainfall processes for flood generation and sediment mobilization. 
